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Abstract 
Natural ventilation is applied to realise the hygienic minimum air exchange, to protect from moisture damages and to 
provide good thermal comfort by intensive summer ventilation. Considering energy efficient buildings without 
mechanical cooling and ventilation, the air exchange rate provided by window ventilation is a crucial design variable. 
Simple analytical volume flow calculation allows the determination of air change rates for various window opening 
configurations and types under static conditions. 
This work first introduces the calculation method of a planning tool developed in the context of the ‘KonLuft’ project. 
With that tool common opening geometries and natural ventilation flow path configurations can be planned for 
residential and non-residential buildings. The very focus is on the validation of the analytical calculation method via 
full-scale traces-gas (TG) measurements for different window configurations. The investigations were carried out with 
a comprehensive monitoring system in one corner room of a historical office building in the city center of Stuttgart. 
The window types examined are bottom-hung and side-hung windows. A mismatch factor of approximately 1.6 
between the field experiment and the calculation is in common with a literature reference performing laboratory 
measurements. Hence it is advisable to take the local prevalent flow situation into account for calculations of volume 
flow. 
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Qw wind induced flow rate [m³/s] 
Qb buoyancy induced flow rate  [m³/s] 
Q total volume flow  [m³/s] 
ur calculated reference wind velocity  [m/s] 
umet wind velocity, metrological station  [m/s] 
g gravitational acceleration [m/s²] 
ǻpw wind induced pressure difference [Pa] 
Cp wind pressure coefficient [-] 
Cd discharge coefficient [-] 
Aeff effective window cross sectional area [m²]
H2 vertical distance between top and bottom edges of a rectangular opening in a wall [m] 
H1 vertical distance between the centres of two openings in a wall [m] 
Aw effective cross section for thermally induced ventilation [m²] 
Ab effective cross section for buoyance induced ventilation  [m²] 
H area ratio between upper and lower opening [-] 
1. Introduction 
Simple analytical equations for the determination of air change rates are well suited for planning purposes. The 
most referenced calculation methods for different window configurations are summarized in the British Standard 
BS 5925 [1]. Van Passen et al. [2] developed an approach to determine the effective opening area of simple tilted 
windows with different height to width ratios. Coley [3] investigated how to integrate the effective opening area for 
single sided building simulation in terms of an effective opening height. These straightforward correlations are 
integrated in a similar way into a window-sizing tool [4]. The empirical equations estimate the flow rate depending 
on the flow effective area of the flow path with constant boundary conditions. Based upon these correlations a 
validation approach is developed to compare the calculation method with full-scale measurements. 
The test building (48.779561 N, 9.172081 E) is an historical office building, built in 1850. It has been re-erected 
after World War Two. Its facade consists of a massive limestone and brick construction with wall thicknesses between 
35 cm and 65 cm. The windows are wooden framed and double glazed (air filling). Fig. 1 depicts a bird’s-eye view 
of the building (blue circle); the test room for this case study is located on the first storey (red square). 
Fig. 1. Location of test building [source: Bing] Fig. 2. Test room and numbered window openings
 
A corner meeting room (Fig. 2) has been equipped with monitoring hardware for the measurement of various 
ventilation scenarios. The test room is almost square with a net space area of 30.2 m² and a ceiling height of 3.5 m. 
Detailed cross sections of the walls including the windows can be found in Fig. 3. It depicts the position of the wooden 
window frames (orange) and the radiator (red, situated under the window). The southern and the western window 
configuration are identical. 
2. Method 
The flow-rate through a flow-path (also referred to as airway) configuration depends on the opening areas in series 
and parallel, the discharge coefficients (flow resistance) of the openings and the pressure differences. The driving 
forces for natural ventilation of rooms and buildings are pressure differences caused by buoyancy and/or wind. Air is 
forced to flow into the building where the external pressure across the enclosure orifices is higher than the internal 
pressure. A flow-path configuration may consist of only one opening for single-sided, bidirectional ventilation up to 
multiple external and internal openings of different size, height level and orientation. In order to obtain a wide range 
of data, several test cases have been conducted for the most relevant ventilation configurations for a single room. 
Other flow-paths than the windows have been sealed. Tab. 1 gives an overview on the test cases including the 
geometric parameters for Eq. (1) and (2). 
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Tab. 1: Test scenarios and calculated flow relevant effective opening geometry [2, 3, 5] used as inputs for analytical flow rate calculation [1] 
 Description:  Opened windows Aeff | Aw  | Ab İ H2 H1 
configuration case level Window type 1 2 3 4 5 6 7 8 [m²] - [m] [m] 
1 single sided top bottom-hung  x       0.43 - 0.44 - 
2 single sided bottom side-hung   x      0.43 - 1.22 - 
3 single sided two level bottom- & side-hung x  x      0.96 0.79 - 1.09
4 single sided bottom 2x side-hung   x x     1.07 - 1.22 - 
5 cross ventilation bottom 2x side-hung   x     x 0.38 - 1.22 - 
Bottom- or side-hung windows are common opening types in natural ventilated buildings. Due to the complexity 
of their geometry (Fig. 3), simple analytical air flow calculations as well as airflow networks typically cannot include 
their full geometry as input parameters; they include a flow effective area Aeff and effective height H2 together with a 
discharge coefficient Cd to describe the equivalent area of the rectangular orifice that would have the same flow as the 
pivoted window opening. Usually the full geometry is simplified, but mostly little guidance is provided on selecting 
airflow parameters such as the flow effective area and discharge coefficient. First, the flow effective opening area and 
height have to be determined by the full geometry of windows (height, width, angle of tilt, frame, reveal, etc.). 
However, the definition of the effective opening area is not standardised in literature – some authors include the tilt 
angle to the (effective) discharge coefficient [5], while others do not [2], depending on the focus of their work. In this 
study, the effective opening area is depending on the tilt angle Į and the discharge coefficient will be fitted according 
to the measured data. Simplified methods for the effective area calculation of bottom-hung windows may be found in 
literature [2]] [[6]. Coley [3] investigated how to improve bottom-hung windows in thermal models regarding the flow 
effective height of an opening. A basic formula was developed by van Paassen [2] in the context of the NatVent study. 
It fits reasonably well to the EN 15242 [6] correlation for low height windows. This expression, besides the tilt angle, 
also reflects the opening geometry as a function of height h and width w. Subsequently, the before mentioned methods 
are adapted here for the side-hung window type. However, Hall [7] states in her dissertation that the determination of 
the resulting opening areas for bottom- and top-hung tilted windows requires further modification in order to reach a 
more general validity for simulation purposes. She took the full geometry of the window such as the frame depth and 
reveal, but the model adaptions made are only representative for a specific bottom-hung window type. 
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side-hung window (case adapted equations): 
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Fig. 3. Calculation of the effective opening area based on the window geometry according to van Paassen [2] and Coley [3] 
 
The discharge coefficient Cd of an orifice is the ratio of the actual flow to the ideal flow without the effects of 
friction and flow contraction. According to BS 5925 [1], it is conventional to assign a value to the discharge coefficient 
corresponding to that of a sharp-edged orifice. Typical values of sharp-edged external openings like windows are in 
the range of 0.60 to 0.65. The value taken in the BS is 0.61. Previous research has shown that the discharge coefficient 
of an opening does vary to a certain extend with the Reynolds number, but only little variation has been detected for 
large external openings for building ventilation [8]. Current practice is to make use of values obtained from laboratory 
tests under still-air conditions may not be appropriate when the ventilation is influenced by wind. There have been 
several wind tunnel investigations that show Cd varying with wind direction (e.g. [9]). 
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2.1. Volume flow calculation 
The BS 5925 [1] includes the basic physics of natural ventilation including flow characteristics of openings, the 
generation of pressure differences, definitions of metrological variables and gives equations for the determination of 
natural ventilation rates. This relatively old standard is the only one with clear focus on natural ventilation including 
ventilation requirements and flow rate calculations for simple buildings. The standard summarizes well-known 
analytical solutions for wind and buoyancy induced ventilation without internal flow resistance or for a space with 
openings on one orientation only. For the calculation of wind driven cross-ventilation the pressure difference 
ο݌୵between the inlet and outlet in this study is directly measured and not calculated for generic buildings (as 
proposed in the Annex of BS 5925 [1]): 
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Also different to the method provided in the standard, the reference (free stream) wind velocity ur for single sided 
ventilation calculations is computed from the values gathered by the roof-top meteorological station umet at 22 m height 
above ground hmet. The ASHRAE power-law estimation [10] is utilized to calculate the local wind speed on the height 
of the opening hz. With this approach reference wind velocities ur are derived from the wind profile coefficients į and 
ȕ (terrain characteristic): 
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As both, the test room and the meteorological station are located on the same site, the wind profile coefficients for 
wind velocity calculation are equal for ‘towns and cities’ with an exponent of 0.33 and a layer thickness of 460 m. 
Results of the analytical volume flow calculations for the window configuration 1 to 5 are compared to the measured 
values. Following the standard, the wind direction was not included into the volume flow calculations. 
2.2. Experimental measurements 
Experiments were conducted during winter. Hence high temperature differences occur. Tab. 2 gives an overview 
on the sensors and devices used. The spatial temperature distribution (sensors vertically placed with a distance of 
0.6 m to each other) was measured via thermocouples with maximum spread of about 1 K during the single sided and 
2 K during cross ventilation measurement. As value of the indoor temperature the sensor closest to the height of the 
corresponding window was chosen at 1.8 m for the lower and 2.4 m for the upper window. The differential pressures 
between the outside of the window frames and the room inside were directly measured. Their difference equals the 
used pressure differenceȁο݌୵ȁ. 
Tab. 2: Sensors and devices used in the test room setting 
# Type Description Range, Resolution Variable Deviation 
1 Lumasence INNOVA 1412i Photoacoustic gas monitor 0.01 - 5000, 0.01 ppm gas concentration ±0.068 ppm, 
±2% 2 Lumasence INNOVA 1303i Gas sampler and doser - - 
3 R134A, 1,1,1,2-Tetrafluorethan Tracer gas, CAS 811-97-2 - - - 
4 KIMO SPI2-100 differential pressure sensor ± 100 Pa, 0.1 Pa facade pressure difference ±0.2% 
5 KIMO SCO2 CO2 sensor 0 - 5000 ppm , 1 ppm CO2 ±3% , ±0.3 K 
6 AL-TE-1 Thermocouple Cu-CuNi, Type T í40°C - 125°C air temperature ±0.5 K 
7 KIMO STD-13 Pt-100 temperature probe í50°C - 180°C radiation temperature ±0.3 K 
8 Gill WindSonic ultrasonic wind sensor 0.01 - 60 m/s wind speed ±2 % 
9 Gill WindSonic ultrasonic wind sensor 0° - 360° wind direction ±3º 
10 Rotronic HygroClip HC2-S3 Pt-100 1/3 class B probe -35°C - 70°C, 0.1 K ambient air temperature ± 0.1 K 
11 Gill MetPak solid state pressure sensor 600 – 1100 hPa, 0.1 hPa barometric pressure  ±0.5 hPa 
The concentration measurement of the TG system was carried out using the constant concentration method (ccm) 
similar to DIN EN ISO 12569. Deviating, the air change calculation was done with the integrated software algorithms. 
Two fans, underneath the open windows and orientated 45° upwards, should ensure homogenous mixing of TG and 
incoming air. This is necessary to guarantee a representative concentration measurement. However, bidirectional 
bypass ventilation at the window could not be fully excluded. TG dosing occurred via a third fan in the opposite corner 
to the open windows. The only sampling point is located in the centre of the room (see Fig. 2). The sampling period 
was 35-50 seconds. Preliminary to sampling, the concentration has been increased until the set point (15 ppm) was 
reached. Then, the windows were opened in the specific configuration (see Tab. 1). In this configuration a 
2842   T. Erhart et al. /  Energy Procedia  78 ( 2015 )  2838 – 2843 
measurement of at least one hour followed (with fans running). The measurement has been repeated (twice to five 
times) on different days for each configuration. Five minutely mean values were used for all calculations. In order to 
prove the validity of the TG ccm with the fans running, a CO2 decay measuring was carried out without any ventilator. 
The test room was prepared with a concentration of approximately 3500 ppm at a temperature difference close to 
20 K. Window configuration 2 was set into place and the CO2 concentration was measured with two different sensors 
(1 and 5 in) for 1.5 hours.  
3. Results 
The Fig. 4 to Fig. 8 depict the measured and calculated data for the different window configurations according to 
Tab. 1. For each configuration measured, the BS 5925 [1] provides formulae to calculate the wind and the buoyancy 
driven ventilation rate. The resulting air change rate is the maximum of both. For single-sided ventilation the wind 
induced flow rate is calculated by the reference wind speed at local height of the windows (green triangles). For cross 
ventilation it is calculated via the pressure difference (cyan triangles). The circles display the calculated buoyant flow 
though the openings on equal (green) or on different (red) levels of height. A curve fitting is included in every graph 
in accordance to the equations discussed. 
Fig. 4. Window configuration 1 Fig. 5. Window configuration 2 Fig. 6. Window configuration 3 
Fig. 7. Window configuration 4 
 
Fig. 8. Window configuration 5 
 
Wind induced air exchange for single-sided ventilation (Fig. 4to Fig. 7) can occur within the turbulent regime of 
the air flow. However, the values calculated are about 80% below the measured values. Hence the high temperature 
differences between inside and outside of about 10 to 20 K result in a buoyancy dominated flow regime rather than a 
wind induced one. Air infiltration values of about 0.15 h-1 were measured, which reduces the measured air exchange 
through further. The measured flow rate disperses strongly around the fitted curve and distinctly stays below the 
expected values calculated with the assumed discharge coefficient of 0.61. The correlation overestimates the 
measurements by a factor of 1.5 to 1.7 compared to the fitted functions (see Tab. 3). 
The driving force for the cross-ventilation case shown in Fig. 8. Window configuration was the pressure. The unit of 
the abscissa has been changed from temperature difference to pressure difference accordingly. The expression for 
wind pressure induced flow overestimates the measurement with a factor of about 1.4 compared to the fitted function 
(Tab. 3). The additional CO2-decay measurement (config. 2, ¨T=20 K) shows an air change rate of 2.0 h-1. This 
measured value is closer to the ccm value of around 1.6 h-1 compared to the calculated value of 3.4 h-1. 
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An analysis of the experimental concentration measurements with TG shows that an experimental error source is 
the time delay between mixing of the room air, the dosed gas and the fresh air. The PID-controller of the doser is a 
reason for fluctuations of air change measurement but is not the reason for the high deviation of the mean values. The 
matching results of the TG ccm and the CO2 decay measurement support the validity of the experimental procedure. 
Measurements during the TG campaigns in front of the window 1 to 4 (in Fig. 2) indicate a prevalent external flow 
direction parallel to that facade (Fig. 9) with main wind speeds between 0.5 m/s to 2 m/s. 
4. Conclusions 
In this work air exchange rates resulting from controlled natural ventilation in real building office rooms were 
experimentally determined for various window configurations. The results for a range of temperature and pressure 
differences were compared with simplified empirical equations from literature. For the window types and boundary 
conditions considered in this work, analytical equations tend to overestimate the measured volume flow by a factor 
1.4 to 1.7 depending on the case. In the work of Larsen et al [11] occurs an inhibiting effect on the volume flow from 
wind incident angles parallel to the facade. Around 1 m/s wind speed and ¨T=5-10 K this is very prominent with a 
factor of 2. These laboratory results match with the field measurements presented in this work with ¨T ranging from 
5-20 K. The clarification  of the physical background needs closer investigation and more experimental data. 
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Fig. 9. Wind frequency distribution. 0°= to room inside 
Tab. 3: Deviation factor for each case 
configuration case 1 2 3 4 5 
deviation factor fdev 1.6 1.5 1.7 1.5 1.46 
 
